Recent empirical assessments revealed that footprint indicators calculated with various multi-regional input-output (MRIO) databases deliver deviating results. In this paper, we propose a new method, called structural production layer decomposition (SPLD), which complements existing structural decomposition approaches. SPLD enables differentiating between effects stemming from specific parts in the technology matrix, e.g. trade blocks vs. domestic blocks, while still allowing to link the various effects to the total region footprint. Using the carbon footprint of the EU-28 in 2011 as an example, we analyse the differences between EXIOBASE, Eora, GTAP and WIOD. Identical environmental data are used across all MRIO databases. In all model comparisons, variations in domestic blocks have a more significant impact on the carbon footprint than variations in trade blocks. The results provide a wealth of information for MRIO developers and are relevant for policy makers designing climate policy measures targeted to specific stages along product supply chains.
Introduction
There has been a recent demand from policy makers for robust and unambiguous consumption-based carbon accounts and derived indicators (Peters and Hertwich, 2008; Wiedmann and Barrett, 2013) . This has driven research into inter-model comparisons and analysis of various footprint indicators, most notably carbon footprints, by the input-output community.
Several global environmentally extended multi-regional input-output (MRIO) databases are available today: WIOD (Dietzenbacher et al., 2013) , Eora (Lenzen et al., 2013) , GTAP (Peters et al., 2011a) , EXIOBASE (Tukker et al., 2013) and OECD ICIO (OECD, 2015) . Empirical assessments revealed the level of differences in carbon footprints calculated with the various MRIO models (Arto et al., 2014; Inomata and Owen, 2014; Owen et al., 2014a Owen et al., , 2014b Wilting, 2012) . However, in order to inform policy development, findings derived from different MRIO models should have similar overall messages.
A range of analytical methods, such as structural decomposition analysis (SDA; Owen et al., 2014b) , structural path decomposition analysis (SPDA; Owen et al., 2016) or Monte Carlo Analysis (MCA; Moran and Wood, 2014) have been used with the aim of identifying potential priority areas for efforts to harmonise existing MRIO results. Inter-model structural decomposition approaches, in particular, have contributed to a better understanding of the effects that the various elements in the MRIO databases (i.e. the environmental extension, the inter-industry transaction matrix as well as final demand and total output) have on the resulting carbon footprints.
SDA has been applied to investigate carbon footprints, allowing the decomposition of the differences in total footprints into effects stemming from the differences in the Leontief inverses, the final demand vectors and the environmental extensions (Owen et al., 2014b) . In the course of such an analysis, the Leontief matrix remains a single entity. Nevertheless, due to the fact that the elements in the Leontief inverse are the result of a matrix inversion, each value in the inverse depends on many different values in the technology matrix and hence the transaction matrix. Owen et al. (2016) point out that it is necessary to consider whether differences in the Leontief inverse are due to the domestic transactions or the imports to intermediate demand. The exploration of the effects stemming from the differences in the trade and domestic blocks of the transaction matrices would bring MRIO comparison work one step closer to the basic data of MRIO models. This type of information would therefore be of high value for ongoing comparison and harmonisation efforts of existing MRIO databases.
SPDA has been applied in order to split the Leontief inverse into the transaction matrix and total output . SPDA was originally developed by Wood and Lenzen (2009) for the decomposition of changes at the supply-chain level of IO analysis. As the calculation of single paths (using a power series expansion) requires the technology matrix instead of the Leontief inverse matrix, SPDA enables exploration of the effects stemming from the transaction matrix and its different parts. The approach of SPDA has the advantage of illuminating the origin of differences between two points in time or between different MRIO databases at a very high level of detail, i.e. single paths. However, deriving conclusions on the macro level through the application of SPDA would be difficult. First, precise path results may vary significantly between the MRIO databases, and it is conceivable that differences on the level of single paths cancel each other out at the more aggregated sector level. Second, due to the high level of detail, a large number of paths would need to be investigated in order to derive conclusions for the more aggregated sector or region footprint.
Therefore, in this paper, we propose a new method, structural production layer decomposition (SPLD), which complements the existing approaches of SDA and SPDA for identifying sources of differences of environmental footprints. The proposed method decomposes the various effects not at the level of single paths, but at the level of production layers. The central idea of SPLD is therefore a structural decomposition that uses the transaction matrix instead of the Leontief inverse. At its core, SPLD structurally decomposes a set of PLD (production layer decomposition) results Lenzen and Crawford, 2009; Llop and Ponce-Alifonso, 2015; Wiedmann et al., 2009) . To implement this, we apply the Shapely-Sun (S-S) approach (Ang, 2004; Sun, 1998) . Whilst SPDA decomposes structural path analysis (SPA) results at the path level (i.e. using scalars), the SPLD calculus uses matrices, i.e. the transaction matrix and the resulting technology matrices of various orders, thus reflecting the different production layers.
Summations of the PLD results always add up to the total footprint. SPLD can be considered as the intermediate level between sector or region footprints ('macro-level') and the analysis of single paths ('micro-level'). Therefore, SPLD enables an analyst to differentiate between effects stemming from specific elements or parts in the technology matrix, e.g. trade blocks vs. domestic blocks, while still allowing for the aggregation of the various effects to the change in the total sector or region footprint. SPLD thus allows the analyst to pin down the most significant elements in the technology matrix. This is a significant asset when trying to identify those parts in the MRIO systems which have the largest 'return on investment' in the context of data harmonisation efforts.
The results generated from the analysis in this paper can serve as a starting point to further investigate the underlying cause of difference, for example, the use of different statistical sources as the basis for compiling the input-output tables, or different assumptions and approaches to manipulate the data to create a consistent MRIO system. Including these investigations in this paper would be beyond the scope and will be addressed in future research.
Finally, it is important to mention that there are similar SDA models available which more or less pursue a similar objective. For example, Kagawa and Inamura (2001) conducted an SDA which separated the effects of the changes in the production technology of non-energy commodities from the changes in the overall production technology (Leontief inverse). Wood (2009) decomposed the effect of the Leontief inverse into effects from changes in forward and backward linkages and the industrial structure. In a similar way applying the SPLD approach to a time series of environmental footprints would add a novel perspective to a popular research issue. This paper is structured as follows. Section 2 describes the methodology of SPLD as developed and applied for the comparative assessment of the various MRIO databases. Section 3 presents the results of the SPLD and provides a comparison with the SDA approach. We also identify elements in the MRIO system in terms of countries and sectors, where data between the MRIO models show the highest differences. Section 4 provides a discussion and Section 5 concludes.
Method and data
In this study we use the common classification (17 sectors and 40 countries plus one rest of the world region) as defined by Owen et al. (2014b) and Steen-Olsen et al. (2014) . Prior MRIO inter-model comparison work focused on the base year 2007 (for example, SteenOlsen et al., 2016) , while the work in this paper draws on the latest available versions of the assessed MRIO models (base year of 2011). In the analysis, we include all four major MRIO databases developed and applied in the research community: EXIOBASE 3, Eora (v 199.74) , GTAP 9 and WIOD. Moreover, we focus on differences in the carbon footprint of the aggregated final demand of the EU-28.
In contrast to most other MRIO comparison work carried out so far, in this paper we apply the same set of environmental extensions (with identical national totals and sector allocation) for all MRIO models. Data for global greenhouse gas emissions from combustion and non-combustion were taken from the EXIOBASE database (Wood et al., 2015) , but similar exercises could be performed with any other set of greenhouse gas emissions. The consequence of applying an identical set of environmental extensions is that we can rule out the single most important factor causing differences across the various MRIO databases (Owen et al., 2014b) . The observed differences in the carbon footprint must therefore stem from differences in the monetary MRIO data and the derived coefficients.
The SPLD calculation is carried out in the following four steps: Apply SPLD to each of the layer differences separately in order to allow differentiating between the effects stemming from A (trade vs. domestic blocks), x and y. 4. Aggregate the calculated effects on the level of the different layers into one result matrix in order to illustrate the effects across all layers for the overall carbon footprint of the EU-28.
In the following section, we describe the calculation step by step in more detail, starting with the standard production layer decomposition (PLD), followed by the SPLD approach.
Production layer decomposition
PLD is an aggregated form of SPA (compare Giljum et al., 2016; Lenzen and Crawford, 2009; Llop and Ponce-Alifonso, 2015; Wiedmann et al., 2009) . In contrast to SPA, PLD does not calculate the emissions of single paths but aggregates all greenhouse gases released at discrete supply chain layers. Both approaches use a Taylor series expansion for the unravelling of the Leontief inverse (L = I + A + A 2 + A 3 + · · · ), where I represents the identity matrix and A the technical coefficients matrix (A = Zx −1 ). In its core, PLD can be expressed as
where E k equals the carbon emissions on the production layer k of a product or product group which directly or indirectly serves a (diagonalised) final demandŷ.ŝ represents the diagonalised direct emission intensities which results from dividing the emission vector f by the sectors' gross output vector x, where x = Ly, with L being the Leontief inverse matrix andŷ the diagonalised final demand vector. We use the absolute value of the emission vector f for the calculation of a specific emission extensionŝ for each MRIO model, in order to guarantee consistent sector emissions across all databases in the comparison. At layer zero, i.e. direct deliveries of sectors to final demand, E k=0 =ŝIŷ.
We can reformulate Equation 1 explicitly for layer zero to four:
These equations represent the point of departure for the SPLD which will be explained in detail in Section 2.2. Moreover, due to the fact that there are an infinite number of layers, we calculate the residual E rest via
and
where r is the selected threshold regarding the number of layers separately analysed. For this analysis, we decided to decompose the carbon footprints of the EU-28 up to layer eight, hence r = 8. On average, the aggregated carbon footprint up to layer eight comprises about 98% of the total EU-28 footprint (see Table 1 ). We can then relate the single-layer results E k to the overall carbon footprint CF through their summation:
2.2. Structural production layer decomposition 2.2.1. The basic approach of SPLD Decomposing L into A implies that layer eight contains 10 terms (compare with Equations 2e and 6e). Note that since we apply a constant emissions vector f to all MRIO databases, f has no effect on the carbon footprint differences. The D&L structural decomposition approach (Dietzenbacher and Los, 1998) would take significantly more computation time for a 10 element comparison. Therefore, the S-S approach (Ang, 2004; Sun, 1998 ) is used which is equivalent to the mean effect of the (full n!) D&L decomposition. The general format for the layer differences LD of layers zero to four are shown in the following equations: 
Subscript 'eff' stands for 'effect' (compare with Sun, 1998) . For example, matrixx 0.eff in Equation 6a represents the contribution of the differences in x to the total layer zero differences LD 0 while y remains unchanged. For the general case when applied to scalars, the format for the S-S decomposition equation (for n terms where y = x 1 x 2 . . . x n ) which is analogous to the SPDA calculus ) is
Note that Equation 7 shows the formula for calculating the effect of a single term (in this case x i.eff ). To give a more tangible illustration of Equation 7 and the SPLD using matrices, the following equations summarize the calculus for a layer zero (n = 2) decomposition. The layer difference is
which can be represented as
where (compare 8c and 8d with 7)
The modified matrix multiplication of SPLD
The overall goal of the SPLD approach is to conserve the information about the precise location of specific elements in the technology matrix A with regard to their effects on the differences between the macro-level carbon footprints. In order to achieve this, we developed a matrix multiplication algorithm from the properties of standard matrix multiplication to reallocate the calculated effects A k.eff.m according to the structure of the original differences ( A = A MRIO2 − A MRIO1 ). Without this algorithm, the results obtained from the SPLD approach would converge to the same structure of results as the SDA approach using the Leontief inverse. In what follows, we explain this in more detail by discussing the SPLD calculus of one specific layer effect, using layer four as an example. The layer-four differences LD 4 are decomposed in a six-dimensional space (see terms on the right-hand side of Equation 6e) which means, we are differentiating between six (hypothetically independent) effects (compare with Sun, 1998) . This yields six terms, one for each of the effects. The following Equation 9a presents one of these six terms:
where
andf
For the sake of simplicity, we assume the example matrices to have two columns and two rows. Furthermore, we focus on the multiplication of the three technology matrices (A AA) in order to illustrate how particular elements in the matrices are multiplied with each other (Figure 1 ). Hereafter, we refer to the first (layer one) technology matrix asÃ, the second (layer two) matrix of differences A asB and the third (layer three) technology matrix asC, hence A AA =ÃBC = D.
The illustration shows which elements are multiplied and summed when multiplying three matrices (ÃBC). As mentioned before, the overall goal of the SPLD approach is to conserve the information about the precise location of specific elements in the technology matrix A with regard to their effects on the differences between the carbon footprints. In this hypothetical two-sector example, the matrix of interest, i.e. the matrix structure we want to conserve, is that of A =B. As can be seen from the result matrix of the conventional multiplication approach on the top left, after the multiplication of three matrices, elementb 11 (which stands in our example for the element a 11 ) affects every cell of the resultant matrix D =ÃBC. The differences observed in the different cells of matrixB are therefore scattered across the result matrix D, making it impossible to relate this result to the initial structure of the A matrix.
In order to solve this, we propose a modified matrix multiplication procedure, which preserves the initial structure of A =B (result matrix in the top right of Figure 1) .
The modified procedure delivers a result matrixD that fully maintains the structure of B.b 11 is located in the first row and the first column,b 12 in the first row and the second column and so forth. Note that the sum of the modified, i.e. rearranged matrix multiplication and the sum of the conventional matrix multiplication are equal D = D .
The modified approach thus only reallocates values according to a specific structure. The modified result matrix that resembles the structure ofB can be calculated by applying the following equation:D
In Equation 10, 1 stands for a matrix of the same dimension asÃ,B andC containing only 1s.Ã * 1 thus is a matrix with each cell giving the row sum ofÃ.Ã indicates a transposition ofÃ. It is important to note that the multiplication withB is element-wise, which is termed the Hadamard product. Applying this type of matrix multiplication to the basic SDA identity as described in Equation 9a, we obtain the following:
which results in
Aggregating the effects into a single SPLD result matrix
After structural decomposing the layer differences to layer r = 8, we can aggregate the SPLD result matrices into the following summary matrices:
where k and m are the running indices of layers and effects, respectively. Since this intermodel comparison is based on a common classification of 41 regions and 17 sectors, each of the three SPLD result matrices and the three summary matrices in Equations 11a-11c consist of 697 rows and 697 columns. The standard SPLD approach presented here differentiates effects stemming from x, A and y.
How to read SPLD result matrices
This section demonstrates the information provided by the SPLD approach by contrasting it with the information provided by the SDA approach. The example results illustrate the Eora-EXIOBASE decomposition of the public administration footprint of the EU-28. Figure 2 shows the calculated L-effect (using SDA) and A-effect (using SPLD) matrices. Please note that the SPLD result matrix, calculated as described in the previous sections, shows the aggregated A-effects up to layer eight (r = 8). The original result matrices (697 by 697) are aggregated into a sector-by-sector perspective (17 by 17). In order to further explain the interpretation of the SPLD results, we also select one hypothetical example path at the end of this subsection. But before reflecting on a single path, we examine the two different types of information that are incorporated in the result matrices. Both matrices produce very different messages regarding the sectors that contribute to the overall deviation of the carbon footprint of the public administration sector. The SDA decomposition (Figure 2 top) of public administration's carbon footprint shows that the major cause of difference stems from electricity emissions, i.e. paths that originate from electricity production. However, the aggregated effects (as observed in the L-effect matrix) of all paths from sector 11 (electricity) to sector 17 (public administration) may actually be caused by differences in the downstream use structure of electricity, for example, the amount of electricity used by sector 6 (petroleum and chemicals) that is subsequently consumed by public administration. The effect shown with SDA for l 11,17 is unravelled with SPLD into single segments (meaning inter-industry deliveries a i,j ) of the related first-, second-or higher-order paths. In other words, the A-effect perspective of SPLD reveals the actual inter-industry deliveries that are responsible for an effect, illustrating each sectors' contribution to the paths that cause footprint differences, while the SDA approach using L highlights the sectors where the emissions originate from.
In contrast to SDA, the application of SPLD breaks down aggregated paths (e.g. electricity delivered via various intermediate consumers to public administration) into the constituting elementary inter-industry deliveries (elements in the A matrix). This allows us to identify the precise segments of the supply chains, i.e. inter-industry deliveries that are responsible for the differences. This information increase is only possible at the expense of losing the information on the origin of paths. While enabling us to quantify the effect that a single inter-industry delivery has on the aggregated carbon footprint, SPLD does not tell us which supply chain this inter-industry delivery (and hence the related effect) is associated to. Therefore, the results of the SDA and SPLD approaches should be seen as complementary, providing different types of information from different points of view.
Returning to the example result matrices in Figure 2 , we see that the SDA approach points towards the electricity sector as a major source for variation in the EU-28 carbon footprint of public administration, while the SPLD approach identifies other sectors as being mainly responsible. The SPLD perspective, which uses the A matrix, illustrates that the noticeable effect of the electricity multiplier (see l 11,17 in Figure 2 top) is actually not rooted in the direct electricity input coefficients of the public administration sector (see element a 11,17 of the A-effect matrix in Figure 2) . Instead, the main sources of the effects behind this multiplier seems to be the direct electricity input coefficients of the petroleum (a 11,6 ), metal products (a 11,7 ) and electricity sectors own use (a 11,11 ) as well as the manufacturing sectors supplying the public administration (like a 6,17 and a 7,17 ).
Next we focus on the example path shown in Figure 2 in order to deepen the understanding of the result matrices. We select a hypothetical second-order path that starts from the electricity sector (row 11) and ultimately delivers the final demand of public administration (column 17) via the intermediate consumption of electricity by the petroleum sector (a 11, 6 ) and the intermediate consumption of petroleum by public administration (a 11,17 ). When applying the SDA approach, the effects of this path, which stem from the differences a 11,6 and a 6,17 , are all attributed to element l 11,17 because the path and its related emissions originate from the electricity sector (row 11) and terminate in the public administration sector (column 17). When applying the SPLD method, the effects associated with the differences a 11,6 and a 6,17 are separated and allocated to the corresponding position in the technology matrix (a 11,6 and a 6,17 ). We should view the SPLD approach as a decomposition of the effects of the Leontief multipliers into the underlying technical coefficients.
About dependencies in SDA
One issue to be aware of is the dependency problem in SDA, where it is assumed that all variables are independent of each other (e.g. it is possible to modify A without modifying x). Dietzenbacher and Los (2000) discuss this issue and provide examples for the case of the Netherlands. In our work, we could expect that there is some dependency between the size of f and the size of x, as well as between f and A, A and x, and y and x. However, there is no clear way to avoid the issue (Minx et al., 2011) , hence care should be taken in interpretation of results. Nonetheless, we still feel that the application of SDA gives valuable insights, as has been shown widely through the literature (compare with Hoekstra and van den Bergh, 2002; Lenzen, 2016) .
Results
The presentation of results starts with a description of the PLD results from each of the MRIO models and the calculated differences between each model pair, disaggregated by layers (Section 3.1). In a second step, we compare the decomposition results when applying structural decomposition analysis (SDA) using the L matrix with an SPLD analysis based on the A matrix (Section 3.2). In Section 3.3, we further decompose the results in order to investigate the origin of the observed differences in the A matrix across models. For example, we are able to determine whether the domestic or trade blocks in the A matrices contribute more to the overall difference; which countries' A matrices show the largest effects; and which of the 17 sectors in the common classification system cause the most diverging carbon footprint values. Note that in the tables and figures of the results section, the MRIO database EXIOBASE is abbreviated as EXIO. Table 1 illustrates the results from the PLD undertaken with each of the four investigated MRIO models in the common classification. It shows the number of paths covered in each layer, up to layer eight. This is the number of paths that are implicitly structurally decomposed when applying SPLD analysis. The table also illustrates the absolute greenhouse gas emissions originating from each production layer. Note that the numbers for the EU-28 carbon footprints only refer to emissions embodied in products and exclude direct emissions of final demand, such as households. Table 1 shows that for each MRIO model around 3.9 × 10 25 paths and corresponding flows of greenhouse gas emissions are included in the analysis when considering all paths up to layer eight. For example, in the case of Eora, paths at layers zero to eight are responsible for around 4.3 billion tonnes of carbon emissions related to EU-28 final demand, whereas 81 million tonnes of emissions occur in layers nine and beyond. This means that in the case of Eora, the SPLD analysis covers more than 98% of the total EU-28 carbon footprint. For the other three MRIO models, the respective share is between 98% and 99%. Table 2 shows the layer differences (LD) for each MRIO model pair by layer. The aggregated sum of the layer differences for each pair forms the basis of the SPLD analysis further below.
PLD results
For example, the Eora-WIOD pair has an aggregated difference in layer zero to eight of approximately 116 million tonnes of CO 2 eq.. The total EU-28 carbon footprint difference between these models is 146 million tonnes of CO 2 eq., implying that around 80% of the footprint differences are covered, while 20% of the differences are located in layers higher than eight.
In this regard, it is important to highlight the possibility of having an aggregated difference larger than the total footprint difference. For example, the aggregation of differences across layers zero to eight of the Eora-EXIOBASE pair, with approx. 74 million tonnes CO 2 eq., is almost twice as large as the total EU-28 carbon footprint difference between the two models. This is due to the fact that positive and negative differences in different layers can compensate and cancel each other out. Figure 3 provides a graphical illustration of the differences of each model pair by production layers. It is important to note that differences in Figure 3 are illustrated with their absolute values, disregarding whether the difference in Table 2 is positive or negative. This means that we can focus on the differences between the values generated with two different MRIO models, and positive or negative numbers can be turned around by simply switching the order within each model pair.
As Figure 3 shows, differences in layer zero are mainly related to model pairs involving Eora. The differences in higher layers seem to be more important for model pairs involving WIOD, where larger deviations are found for layer two and above. EXIOBASE is relatively similar to both GTAP and Eora in layers two and above. The Eora-GTAP pair is most homogenous and only shows larger deviations in layer zero.
L versus A perspectives
Section 3.1 illustrated the absolute differences in the EU-28 carbon footprint stemming from different production layers of each model pair. We now consider which part of the MRIO system actually causes the observed differences. Macro-scale comparisons of carbon footprint results have so far been undertaken applying the SDA approach using the L matrix (see Owen et al., 2014b for an analysis of Eora, GTAP and WIOD for the year 2007). Results for this approach, based on 2011 data, are illustrated in the upper part of Figure 4 . We compare the outcome of the SDA with the result from applying SPLD, which uses the A matrix (lower part of Figure 4) . Figure 4 illustrates that the aggregated results from the SPLD versus SDA analysis are very similar. The main difference is that total absolute effects of both approaches are not identical because SPLD structurally decomposes the differences up to layer eight, whereas SDA considers all production layers. For example, for the case of the Eora-WIOD pair, the difference between the total effect was calculated by the SDA approach is approximately 30 million tonnes CO 2 eq. larger than the total effect calculated applying the SPLD approach. However, we expect that using the SPLD as the starting point for further analysis (see Sections 3.3 and 3.4) delivers comparable results to the SDA, even though not all paths are included.
As Figure 4 shows, in many cases, the effects stemming from the L matrix (above) or A matrix (below), the y-effect (resp. A/L-effect) and the x-effect compensate for each other, leading to relatively smaller total effects. Taking again the Eora-WIOD pair as an example, both SDA and SPLD suggest that if differences in the A (or L) matrix as well as the xeffect are negative, differences in y will be positive, thus leading to a relatively smaller total difference.
To further investigate in which parts of the L and A matrices, the observed effect is being generated, we start with a country level analysis. As mentioned above, the results of SPLD are matrices in the format of 697 rows and 697 columns. We aggregate to a country-bycountry format to provide an overview of those countries causing the major deviations. Furthermore, we illustrate which blocks of the matrices, i.e. domestic blocks versus trade blocks, have the largest effect on the differences in EU-28 carbon footprints. The sum of these matrices across all layers is identical to the value of the overall A-effect as illustrated in Figure 4 .
In order to illustrate the difference in perspective when using the A matrix instead of the L matrix, we compare the country aggregated A-effect matrix with the L-effect matrix for the example pair of Eora and EXIOBASE ( Figure 5 ). Note that the sums of the areas (bubbles) in Figure 5 are scaled to the same totals for ease of comparison.
Analysing the deviations between the Eora and EXIOBASE models from the perspective of the L matrix shows that the domestic blocks in the multi-regional table cause the largest deviations, notably for Germany, the UK, Poland and Italy within Europe, and China in the non-European countries. Large effects can also be observed for some import and export blocks, most notably exports from China, the Rest of the World (RoW) region and from Russia. The L perspective would therefore suggest prioritising the harnisation of data in some of the trade blocks in order to align the resulting carbon footprint for the EU-28.
However, the perspective of the A matrix in Figure 5 illustrates that the noticeable trade effects stem from deviations in the domestic tables of these countries and regions. From the A perspective, differences between the Eora and EXIOBASE models are foremost found in the domestic block of China. The aggregated L-effect of China's domestic block accounts for approximately 87 million t CO 2 eq. compared to around 415 million t CO 2 eq. for the aggregated A-effect. Also in the A perspective, exports from China to the other regions show deviations, and these are significantly smaller compared to the L perspective. The same pattern can be observed for the cases of the RoW region and Russia. This suggests that the differences in the trade blocks observed in the L perspective could be reduced by Figure 5 . L-effect matrix (above) versus A-effect matrix (below) from a country perspective including the domestic (DOM), import (IM) and export (EX) blocks on the right, Eora-EXIO pair, 2011. harmonising data in the domestic blocks of the respective countries. Within the EU, the same problematic domestic blocks are identified in the A perspective and the L perspective, i.e. Germany, the UK, Poland and Italy.
SPLD results: country and sector hot-spots across MRIO models
In the following section, we concentrate our analysis on the effects stemming from the A matrix in order to further investigate which parts of the domestic and foreign blocks cause the largest deviations in the EU-28 carbon footprint results. Figure 6 provides a first overview across the six model pairs, illustrating the effect of the domestic block (DOM) versus the effects stemming from the import blocks (IM) and export blocks (EX) of each country in the common classification. Figure 6 confirms the general trend observed in Figure 5 , i.e. that the domestic block contributes higher absolute differences in the EU-28 carbon footprint compared to the trade block. This holds true for all six model pairs. For non-EU countries, export blocks are more important than import blocks, whereas it is the other way around for EU countries where there are larger deviations in their import blocks. This result is unsurprising given that EU countries are generally net-importers of embodied GHG emissions (Peters et al., 2011b; Tukker et al., 2016) . China stands out as the country with the strongest deviations. More disaggregated heat maps, showing the full trade relations between countries for each model pair, can be found in the Supplementary Information SI 1.
In order to further pin down, the sources of observed differences, we can zoom into each of the domestic blocks. As an example, we take a closer look at China's domestic block to identify the main sectors responsible for these differences (Figure 7 ). In the case of the Eora-EXIOBASE pair, the total A-effect of China's domestic block accounts for around 415 million t CO 2 eq.. This effect is mainly related to differences in the electricity input coefficients (row i.e. code 11) of the petroleum, metal product and electrical machinery sector (columns i.e. codes 6, 7 and 8). As Figure 7 shows, in terms of the effects stemming from China's domestic block, intermediate inputs of electricity seem to be a major source of variation across all MRIO pairs. Other key sectors of the Chinese economy which show significant variations in the input structures are metal products and petroleum and chemical products.
After investigating a single domestic block in more detail, in Figure 8 , we show a sector perspective on the total A-effect. Figure 8 therefore contains a sector aggregation corresponding to the geographical A-effect matrices as shown in the lower part of Figure 5 . Figure 8 illustrates that in the overall sector perspective, the effects stemming from the electricity input coefficients are less pronounced. In particular, the variations in the petroleum (row, i.e. code 6) and mining sector coefficients have strong effects on the variations between the EU-28 carbon footprints. With regard to the effects stemming from differences in the petroleum sectors' own use coefficients a 6,6 (row and column six), we find that Germany (an average difference across all model pairs of around 21 million t CO 2 eq.) and the rest of the world region (19 million t CO 2 eq.) in particular contribute the largest effects (see supplementary information SI 2 for the full results table). The effects stemming from differences in the input coefficients of mining to petroleum (a 2,6 ) are foremost driven by differences in the domestic input coefficients of Russia (an average difference across all model pairs of around 22 million t CO 2 eq.) and the rest of the world region (25 million t CO 2 eq.) (see supplemental information SI 2 for the full results table). 
Discussion
The analysis undertaken in this paper showed that the domestic blocks have a stronger effect on the variations of carbon footprints of the EU-28 than the trade blocks. This observation holds true for all six model pairs. On average we find the domestic blocks are responsible for around 56% of the absolute carbon footprint variations that stem from differences in the technology matrix. Our results therefore contrast earlier findings based on SDA. SPLD therefore provides a complementary response to the question: 'which parts of the MRIO system cause the highest deviations in footprint results?'. We have illustrated that the noticeable trade effects observed through analysis of the L matrix actually stem from the deviations in the domestic tables of these countries and regions.
With regard to the question of which sections of the technology matrices yield the highest return on investment in terms of carbon footprint harmonisation efforts, we identified key hot spots. The top six domestic blocks that have the greatest impact on the EU-28 carbon footprint are those of China, Germany, RoW, UK, Italy and Russia. China's domestic block effects are foremost a result of the differences in the electricity input coefficients. The effects of the domestic block of Germany are essentially due to differences in the input coefficients of mining products to the petroleum sector.
The next figure provides an overview of the geographical blocks in the technology matrix that have the largest 'return on investment' with regard to model harmonisation. It shows the Top-11 regional blocks (domestic and import blocks) that contribute most to the total average A-effect across all MRIO model pairs. Hatched bars represent domestic blocks and dotted bars are import blocks. The grey bars depict the cumulative or combined effect. For example, the grey bar behind the hatched domestic RoW block stands for the sum of the domestic block of China (7%), the domestic (6%) and import (7%) block of Germany and the domestic block of RoW (6%), which accounts for approximately 26% of the average absolute A-effect.
As Figure 9 shows the Top-11 blocks cumulate to almost 50% of the total average Aeffect across all MRIO model pairs. On average, the top six domestic blocks account for almost 30% of the absolute effects that stem from differences in the technology matrices. With regard to the import blocks, the largest effects on the differences in EU-28 carbon footprints are those of imports to Germany, Italy, UK, France and the Netherlands. Germany's import block effects are mainly driven by differences in the input (i.e. import) coefficients of China (import of petroleum and metal products to public administration in Germany) and RoW (import of mining products to the petroleum sector in Germany) (see supplementary information SI 2 for the full results table). In summary, our analysis finds that the harmonisation of the top five import blocks plus the top six domestic blocks would decrease the absolute effects of the technology matrices by more than 50%. This would help to decrease the variations of the EU-28 Carbon Footprints across the various MRIO models significantly.
Conclusions
In this paper, we introduced a new method, SPLD, for identifying sources of differences of macro-level footprints. The SPLD method aims at complementing the existing approaches of SDA and SPDA.
We have demonstrated that SPLD is a very useful technique in determining the difference between MRIO databases. Its ability to trace the causes of differences to individual cells within the technology matrix is a clear advantage over traditional SDA, which treats the Leontief inverse as a single layer connecting origin of production and point of final consumption. We believe that SPLD has many potential applications beyond this paper. For example, when used for year-on-year decomposition assessments, SPLD will be able to determine the contribution that an annual change to the production recipe of a specific product has had on the change in the overall footprint.
Relevance for MRIO construction and evidence-based policy
The results presented in this paper provide a wealth of information for MRIO developers. The results highlight that the domestic flows have a larger contribution to the difference in MRIO databases than the trade flows. Clearly there is a need for consistency of source data, particularly, in the domestic use tables from the major economies (for example, China or Germany). We thus join Wiedmann et al. (2011) in calling for improvements in the gathering and assessment of economic data. We also suggest that prioritising domestic data is more important than prioritising information on trade flows. Within the domestic flows, traditional key emitting sectors stand out, and given the well-studied and singular nature of the electricity sector, it is of some concern that this sector is still causing significant variation across the MRIO models.
If consumption-based carbon accounts are to be used as evidence in the design of targeted policy responses it is essential that the results from MRIO analyses are trustworthy. Policy makers must understand the level of robustness in the information they are using to derive policies. Our results suggest that even when there is similarity between country level consumption-based accounts produced by different databases, there is difference in distribution of impact at various stages of the supply chain. This would have implications on policy measures that are designed to cause changes at important points along a product supply chain. For example, evidence from one MRIO database might suggest that a material efficiency policy measure, which focuses on reducing the rolled steel in cars, would have negligible effect, whereas a different database might imply that this stage in the supply chain produces a large portion of product's overall emissions impact and that the policy measure would have a useful effect. We suggest that evidence based on calculations of the impact embodied in trade, or the impact of the final good are more robust than calculations made at single production layers. This implies that evidence from MRIOs could be used for trade policy and for demand-side strategies such as reducing food waste, dietary changes and changes in individual mobility, such as the promotion of public transport and car-sharing.
Limitations and directions for further research
As described above, SPLD has several advantages compared to the existing SDA and SPDA approaches. However, limitations need to be addressed. First, the SPLD algorithm in its current form is relatively time-consuming. For each pairwise-comparison, more than 10,000 matrix multiplications (applying the rearranged multiplication approach) need to be performed when structurally decomposing the footprint differences up to layer eight. Hence limited computation time or power can pose a challenge to the application of SPLD. The SDA approach is therefore preferable for providing overviews of the main differences between MRIO databases. Second, SPLD works on the level of production layers and is therefore unable to elucidate differences between MRIO databases of single structural paths. If the objective of the study is to analyse supply chains of single product groups and compare them across different MRIO models, SPDA would be the preferred method. This paper focused on introducing the SPLD method to investigate the impact of differences in the basic data underlying the various existing MRIO systems on the overall result of footprint indicators, taking the carbon footprint of the EU-28 as an example. Our analysis delivered new insights into determining which deviations between different MRIO databases cause substantial differences in footprint results. The next crucial step will be to investigate why these deviations are being observed. This will require comparing the original data sources applied to construct the national input-output tables of countries causing major differences, such as the Chinese domestic table. Furthermore, this will require a systematic comparison of the assumptions and data manipulation procedures applied to establish the consistent MRIO system, for example, finding out whether the national or the trade data are being given priority in the data adjustment techniques. Finally, further investigations will be required on the impacts of different levels of aggregation in the original MRIO systems and how these translate into differences in results in more aggregated common classifications.
Supplemental data
Supplemental material for this article includes: (SI 1) A-effect heat maps in a country perspective for all six model pairs; (SI 2) a CSV file containing a list of the detailed (697 by 697) average (across all model pairs) A-effect values which can be converted into a PIVOT table; (SI 3) an XLSX file containing the data that has been used for the bubble heat maps.
